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JET NOISE MEASUREMENTS FROM MODEL 
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SUMMARY 


A model-scale flight effects test was conducted in the NASA- Ames 40-by 80-Foot Wind 
Tunnel (40 by 80 tunnel) to investigate the effect of aircraft forward speed on single-flow 
jet noise characteristics. The objectives of the test and subsequent analysis were to (1) deter- 
mine apparent jet noise source locations including effects of ambient velocity, (2) verify a 
technique for extrapolating near-field jet noise measurements into the far field, (3) deter- 
mine flight effects in the near and far field for baseline and suppressor nozzles and (4) estab- 
lish the wind tunnel as a means of accurately defining flight effects on jet noise for model 
nozzles and full-scale engines. 

The models tested included a 15.24 cm baseline round convergent (RC) nozzle, a 20-lobe 
and annular nozzle with and without lined ejector shroud, and a 57-tube nozzle with a lined 
ejector shroud. Nozzle operating conditions covered jet velocities from 41 2 to 640 m/s at a 
total temperature of 844K. Wind tunnel speeds were varied from near zero to 91.5 m/s. 

Noise source locations were determined for each of the six nozzles at static and wind-on 
conditions. The wind-on peak noise source locations exliibited the expected shift down- 
stream due to a stretching of the potential core, while the peak noise propagation angles 
indicated the effect of sound convection. The distributed sound source locations for the 
wind-on data were found to agree with the static (volume 1, NASA CR-137914) correlations 
when Strouhal number was based on relative velocity and the noise propagation angle includes 
sound convection. 

The extrapolated static and wind-on data trom the 0.6 and 1.5 m sidelines were observed to 
agree with the measured 3.0 m data when the proper corrections were applied. The extrapo- 
lation procedure is the same one discussed in volume 1 with the added corrections for sound 
convection and core stretch. 

Analysis of data from this test indicates flight effects on jet noise measured in the near field 
are the same as those measured in the far field. Data from all six nozzles at most conditions 
indicates that forward speed results in jet noise reduction in the aft quadrant, and lit Je or 
no reduction in the forward quadrant. At supersonic conditions some of the configurations 
displayed an increase in noise in the forward quadrant. Shock-cell noise was shown to in- 
crease in the forward quadrant with forward speed and causes an eventual crossover of 
wind-on overall sound pressure level (OASPL) and perceived noise level (PNL) directivities 
relative to the wind-off values. 


In general, forward speed produced significantly lower peak PNL suppression relative to the 
RC nozzle for three of the suppressor nozzles. The annular nozzle with and without lined 
ejector showed little reduction in peak PNL suppression with forward y“locity. 

Flight effects for the RC nozzle measured in the 40 by 80 tunnel were shown to be in good 
agreement with flight-test results from a turbojet powered F-86 airplane. The F-86 results 
were obtained from a taxi-by test. This comparison adds further confirmation that wind 
tunnels provide an accurate means for simulation and measurement of the effect of ambient 
velocity on aircraft engine jet noise. 


INTRODUCTION 


One method of simulating, flight effects on engine noise is to test the engine in a wind tunnel 
such as the NASA-Ames 40-by 80-Foot Wind Tunnel (40 by 80 tunnel) facility. Noise 
measurements are made in the near field and thus, must be extrapolated into the far field, 
namely flight certification altitudes and sideline distances. The far-field flight noise levels 
and directivity can be determined by (a) direct extrapolation of the flight wind tunnel 
measurements and(b) by determination of a flight effects noise increment that is corrected 
for near-to far-field directivity changes and added to a static far-field noise measurement. In 
both cases knowledge of apparent noise source locations and propagation angles are required 
to derive the flight noise levels. 

In the first phase of this study (volume 1), noise source locations and procedures were gen- 
erated for the extrapolation of static near-field jet noise measurements into the far field. 
This study of the near/far-field noise characteristics of six baseline and suppressor nozzles 
under static conditions has 

1 . Verified the multiple sideline technique for determination of apparent jet noise 
source locations, on both a peak and distributed basis. 

2. Determined and correlated noise source locations for six baseline and suppressors 
operating at subsonic and supersonic Mach numbei' 5 . 

3. Established a technique for extrapolating static near-field jet noise measurements 
into the far field. 

The established techniques must be verified for wind tumiel conditions with ambient air 
velocity. The presence of ambient velocity results in a convection of sound and in a shifting 
of the jet noice sources downstream due to a stretcliing of the potential core. These effects 
of forward speed on jet noise were studied by means of a test in the 40 by 80-tunnel. This 
test provides an important link between near- and far-field flight effects, and also assists in 
establishing the potential of wind tunnel testing as a means of accurately simulating and 
defining flight effects on engine noise at minimum cost. ' 

The model-scale program in the 40 by 80 tunnel, in addition to defining the noise character- 
istics of the six nozzles, also yields the change in jet noise suppression characteristics in 
flight. A description of the test and subsequent analysis are presented in this report. 
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M 
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NASA 
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CO 


speed of sound, m/s 
area, m2 

Ames Research Center 
American Society of Meciuinical Engineers 
nozzle discharge coefficient 
diameter, m 

1 /3-octave band center frequency, hz 
length, m 

Boeing Large Anechoic Test Chamber 
meters; static velocity exponent, (see equation 6) 

Mach number 

flight velocity exponent 

Noy value 

National Aeronautics and Space Administration 
nozzle pressure ratio (upstream total to ambient static) 
overall sound pressure level, dB 

1 /3-octave band sound pressure level, dB 
pressure, N/m2 

radial distance from sound source to observer, m 

round convergent 

relative humidity, percent 

Strouhal numb er, fD/( V - V a) 

sideline distance, m 

sound pressure level, dB 

fully expanded jet velocity, m/s 

RMS velocity fluctuation, m/s 

temperature, ®C, K 

perceived noise level, PNdB 

axial distance from nozzle or ejector exit plane, m 
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wavelength, m 

density, kg/m 3 

fully expanded jet density, kg/m3 

Angle relative to nozzle or ejector exit plane center and inlet axis 

angle relative to source location and inlet axis without ambient velocity (noise 
radiation angle), degrees 

angle relative to source location and inlet axis (noise propagation angle, includes 
convection), degrees 

density exponent 
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DESCRIPTION OF TEST PROGRAM 

40- BY 80-FOOT WIND TUNNEL AND TEST INSTALLATION 


The NASA-Ames 40-by 80-Foot Wind Tunnel (40 by 80 tunnel) is a closed circuit tunnel 
driven by six 12.2 in dia fans. The tunnel test section is 12.2 m high, 24.4 m wide and 24.4 m 
long. The tunnel cross section has semi-circular sides with a flat horizontal ceiling and floor. 

The test-section walls are constructed of steel plate and therefore, the tunnel is quite rever- 
berant. Four hundred m2 of 7.62 cm thick polyurethane foam was installed on the internal 
wind tunnel walls and floor in the general vicinity of the test model and microphone instal- 
lations to improve the acoustic characteristics. This material provides sufficient absorption 
to permit free-field noise measurements over a range of 500 Hz to 40 kHz out to a 3 m side- 
line. The placement of the foam, acoustic instrumentation and nozzle are shown in figures 1 to 6 . 

Reverberation tests (ref. 1) were conducted in the 40 by 80 tunnel test section which was 
treated with a double layer of 2.54 cm glass fibre blanket as a bulk absorber. These tests 
indicated that satisfactory free-field noise measurements could be made in the test section if 
the tunnel floor were partially lined with an acoustic material. Figure 7 (from ref. 2) shows 
the nonnal incidence absorption of 7.62 cm thick polyurethane foam sheet which is equal 
to or better than the glass fibre blankets. The use of deep wedges is not practical in the 
40 by 80 tunnel, however, the overall acoustic performance of the foam sheet treatment is 
adequate to meet the objectives of the test. 

The foam sheet was treated with a fire retardant chemical that fireproofs the foam without 
degrading the acoustic properties. The treatment process was a water solution of Ammon- 
ium Di-Hydrogen Phosphate (NH 4 H 2 PO 4 ). The foam sheet is dipped, squeezed to saturate 
the cell structure, and drip dried to retain the chemical salt within the material. The treated 
foam will only bum when a direct high-temperature flame is applied but is extinguished 
upon removal of the ignition source. Hot metal objects (800^0) do not ignite the treated 
foam sheet. 

As an added benefit, the acoustic absorption is actually improved by the chemical treat- 
ment, as shown in figure 7 and it appears that the life of the foam sheet may be extended by 
a reduction of ultraviolet aging. 

The foam sheet was covered with a wire mesh and held in place with fasteners and steel studs 
that were spot welded to the tunnel surfaces. Fairing strips were used along the edges of the wire/ 
foam to prevent the tunnel flow from lifting the foam sheets. 

BURNER INSTALLATION 

The hot gas source for the test nozzles was a kerosene burner (ref. 3), designed to match a 
nozzle with a 180 cm 2 exit area. Xhe burner was built specifically for this test, but will 
handle a variety of applications requiring air at elevated temperatures. Detail descriptions of 
the burner and operating instructions are given in references 2 and 3. The burner was 
mounted on the floor as shown in figure 8 to minimize flow disturbances by immersion in 
the tunnel boundary layer. The floor mounting of the burner and two 135° elbows mini- 
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mized the nozzle nacelle boundary layer growth. The internal pipe and flow system diameters 
were made as large as possible to maintain low internal flow velocities. 

Airflow for the burner was supplied by a J-85/Viper turbo-compressor installed beneath the 
wind tunnel. Air was ducted through a bypass system, up through an airflow measuring 
nozzle and into the kerosene fuel burner where the temperature was raised to a nominal 
844K, and exhausted through the nozzle. Approximately 2 m upstream of the burner was a 
muffler, designed to suppress any compressor or flow-system noise. Viper and flow-system 
characteristics are provided in figures 9 and 10. The maximum nozzle pressure ratio avail- 
able was limited by system pressure losses and the J-85 exhaust gas exit temperature. Since 
the compressor produced more air than required by the nozzles, the excess air was ducted 
through an air bypass system. 

Displayed in figure 10 are the flow-system temperatures, internal temperature profiles and 
RC nozzle discharge coefficients (Cd)- The agreement between the temperature profiles up- 
stream of the RC nozzle as measured in the Boeing Anechoic Chamber (LTC) and 40 by 80 
tunnel indicates the lack of an effect of the “S” duct. The agreement of the measured Cd 
from the two facilities indicates the nozzle exit velocity profiles are similar and the exten* 
sive 40 by 80 tunnel air ducting was leak proof. 

The turbo-compressor (fig. 1 1) was enclosed to reduce the surrounding community noise 
and contributions to the tunnel interior noise floors. The J-85 compressor produced an 
excess air flow beyond nozzle requirements which was ducted outside the tunnel through a 
variable area nozzle and lined ejector. The ejector was used for noise control, since the by- 
pass jet operated at pressure ratios up to three. 

NOZZLE DESCRIPTIONS 

The four basic nozzle configurations tested in the 40 by 80 tunnel were a baseline RC 
nozzle, a 57-tube suppressor ejector, a 20-lobe nozzle and an annular nozzle, which are 
shown in figure 12. The 20-lobe and annular nozzles were tested with and without a lined 
ejector shroud. Geometric descriptions and important dimensions for each of the nozzles 
and ejectors are given in tables 1, 2 and 3, and in volume 1 of this report. 

FLOW INSTRUMENTATION 

The air supply system, burner and models contained instrumentation to define and monitor 
the burner operation and to determine the nozzle operating conditions. Parameters recorded 
and/or monitored on the burner were: fuel pressure, ignitor pressure and temperature, burner 
pressure and temperature, compressor outlet pressure, and fuel flow. 

The nozzle flow conditions were measured with two sets of pressure and temperature rakes. 

The first set, the facility rakes, figure 8, were installed for all test models and included 10 
total temperature and 10 total pressure probes. The second set, the model rakes, were 
installed with all test configurations except the 57-tube nozzle. The model rakes also in- 
cluded 10 total temperature and pressure probes as shown in figure 8. In addition, the 20- 
lobe and annular nozzle each contained 2 static taps located at the external nozzle lip. The 
nozzle installation for the 57-tube nozzle and ejector contained an additional 14 static pressure 


6 


. Y 


w 




T 




taps along the shroud lip and nozzle base as shown in figure 13. Each ejector shroud contained 
a rake with 3 total pressure taps for defining ejector inlet velocity. 

Model nozzle airflow was measured with a 14.981 cm (5.898 in.) throat dia ASME, long 
radius flow nozzle. Upstream duct pressure, nozzle differential pressure and total tempera- 
ture were measured to define the airflow rate. 

The tunnel freestream conditions were determined from measurement of the test-section 
total pressure and temperature, and the static pressure. The measurement point was located 
1.8 m above the tunnel floor and 4.6 m from the jet centerline on the 90° ray line from the 
nozzle exit. 

The tunnel temperature and relative humidity were measured with a hygrometer mounted 
on the guide vanes in the tunnel settling chamber, 6 m above the floor and 15 m from the 
side wall. The temperature measurements from the hygrometer and tunnel probes were 
observed to agree within 1°C. 

The hygrometer relative humidity reading from three series of runs on three nozzles is 
shown in figure 14. The measured relative humidity values are compared with calculations 
based on constant specific humidity using reference 4 and measured tunnel temperature. 

The measured and calculated values agree except at the high ambient temperature which 
corresponds to high tunnel velocities (V^ = 100 m/s) and high settling chamber velocities. 

The settling chamber velocity is thought to be the cause of the hygrometer error. 

Model, burner, and wind tunnel performance data were recorded on a Boeing supplied 
Hewlett-Packard/Dymec 2010D data system that has the capability for recording 19(5 
channels, plus four 48-port scanivalves. The output was in two forms: (1) printed paper 
tape listing, 3 digits of channel identification, polarity, and 6 digits of raw data; (2) punched 
paper tape in IBM 8-level, odd-parity format. The system has a resolution of 1 microvolt dc 
and a recording speed of 5 channels per sec. The punch paper tape was later reduced or 
converted on the CDC 6600 computer into the desired flow parameters and engineering 
units. 


ACOUSTIC INSTRUMENTATION 

Acoustic instrumentation consisted of 10 microphones mounted in the wind tunnel. Four 
were mounted on the NASA- ARC 15.2 m traversing mechanism, 2 were mounted on a 
Boeing supplied 3.6 m mechanism and 4 were mounted on fixed stands. Their locations 
relative to the nozzle exit are detailed in figure 15. The microphones are Bruel and Kjar 
model 4136, 0.635 cm condenser type and are mounted with preamps in a metal housing. 
Dimensioned sketches of the microphone installations for each of the four sidelines are 
shown in figure 15. The 15.2 m traverse had 2 microphones positioned on each arm to 
record data on 1.5 and 3 m sidelines (measured from the jet axis). The 3.6 m traversing 
mechanism with 2 microphones was positioned on a 0.6 m sideline. The 4 fixed microphones 
were positioned on a 4.6 m sideline. As shown in figure 15, the microphone height and posi- 
tions were designed to prevent line of sight blockage. 

Each microphone data channel consisted of the following components: 
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1 . Bruel and Kj aer Model 4 1 3 6 cond enser microphone 

2. Bruel and Kjaer Model UAO 385 Aerodynamic Wind Screen 

3. Adapter section 

4. ALTEC 165 A (Boeing modified) cathode follower/preamplifier 

5. ALTEC microphone power supply 

6. Dynamic Model 7509 P/J Data Amplifier 

7. Honeywell 5600C 14-track tape recording system. 

Signal monitoring during the recording process was accomplished with 14-channel monitor 
scopes and a Ballatine Labs Model 323-08 True RMS Voltmeter. 

A frequency response was conducted on each microphone system to determine the neces- 
sary corrections for data reduction. This response check was conducted before and after the 
test. At the start of each shift a microphone sensitivity check was conducted using a Bruel 
and Kjaer Model 4220 pistonphone acoustic calibrator. The pistonphone calibration condi- 
tion is 124.4dB at 250 Hz. 

Each traverse mechanism contained a potentimeter which was calibrated prior to start of 
testing to obtain a curve of distance versus millivolts. The millivolts reading of each potenti- 
meter was recorded on the acoustic analog tape. 

In order to obtain additional fomard quadrant noise measurements, the 15.2 and 3.6 m 
traverse rails and struts were moved forward (upstream) after completion of tests on the six 
nozzles. The 15.2 m traverse could only be moved 3.3 m before entering the tunnel bell- 
mouth sections where associated velocity gradients are present. Repositioning the 15.2 m 
traverse by 3.3 m allowed measurements from 30 to 160° under static conditions on the 
3 m sideline. In order to obtain the same angular coverage on the 0.6 m sideline, the 3.6 m 
traverse was moved by 0.7 m, as shown in figure 1. 

The RC nozzle and 57-tube nozzle with lined ejector were then rerun for some of the high 
power, low tunnel velocity conditions. These test runs and conditions are indicated in table 4. 

TEST PROCEDURE 

Bumer/Tunnel Operation 

The burner air flow and pressure ratio were controlled with the J-85 Viper compressor 
throttle setting and the bypass nozzle area. The burner total temperature was controlled by 
the burner fuel flow. 

The test sequence for a given nozzle consisted of first running the static runs. At a nozzle 
pressure ratio of 1 .8, the tunnel motor/generator was started. The tunnel fans and flow were 
started after completion of the last static run, and then the wind-on cases were run. 

Following completion of the wind-on runs, a set of tunnel background or noise floors was 
run at each tunnel velocity. During the noise floor runs the burner was off, but the nozzle 
was operated at tunnel pressure ratio and tunnel velocity to prevent flow separation in the 
nozzle base region. 
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Data Recording 

The acoustic data was recorded in two parts: (a) fixed microphones and (b) traversing 
microphones. At each test condition, the traverse microphones were positioned near peak 
noise, gains set, and data recorded. The traversing microphones were then brought to the 
upstream end, and a continuous “sweep” of the two traverse systems was conducted. The 
15.2 and 3.6 m traverse sweep durations were 85 and 130 sec, respectively. ■ 

Nozzle performance and tunnel data were recorded shortly after the start of a traverse or 
sweep. 


TEST CONDITIONS 

A summary of operating conditions for each nozzle is summarized in table 4. Each nozzle 
was operated at up to six nozzle pressure ratios and four tunnel velocities. The nominal 
values are: 

NPR = 1.44, 1.58, 1.75, 1.965, 2.25, 2.6 

Vj = 412,457, 503, 549, 594, 640 m/s 
Va = 0,45.7, 68.6,91.5 m/s 

The combinations of nozzle pressure ratio and tunnel velocity were selected such that the 
jet noise level would be higher than the tunnel noise floors. 

For each wind-on condition, static noise recordings were made at the same ideal jet velocity 
and a velocity corresponding to wind-on jet relative velocity (Vj - V^). A few addition 
repeat and compressor noise check cases (RC nozzle only) were also run which are not 
shown in table 4. 

In many of the static runs, the nozzle flow was sufficient to start tunnel airflow in motion. 
“Static” tunnel velocities of up to 8 m/s were measured. 

DATA REDUCTION 

Acoustic data was recorded on a 14 channel analog tape which were later reproduced and 
analyzed in 1 /3-octave bands covering the frequency range of 200 Hz to 40 kHz. The data 
from each of the traverses were analyzed at up to 25 angles using a 1 sec integration time 
about the specified angle. The data as recorded covered angles from 60 to 165° on the 0.6 
and 3 m sidelines, and 40 to 170° on the 1.5 m sideline. 

Microphone nose cone and wind screen corrections which are a function of the noise radia- 
tion angle were based on nominal values at an angle of 80°. This approximation is valid 
since the microphone corrections are applied to the high frequencies that peak at angles near 
100 to 120°. A more precise application of tlie microphone corrections requires a know- 
ledge of noise source locations and radiation angles, and would have resulted in a long, 
costly data reduction procedure. The microphone corrections do not affect the increment 
or change in jet noise levels due to ambient velocity. 
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Prior to start of data analysis, all wind-on acoustic measurements were corrected for 
ambient noise levels by subtraction of tunnel acoustic noise floors. 

TUNNEL ACOUSTIC CHARACTERISTICS 

Two tunnel acoustic characteristics that are important to the evaluation of wind tunnel 
flight-effects measurements are (a) the tunnel reverberation characteristics and (b) wind 
tunnel noise floors. 

Reverberation Characteristics 

The reverberation test (ref. 1) was conducted in the 40 by 80 tunnel with a 5.1 cm layer of 
glass fibre lining. The lining material used in the tunnel during flight effects study was a 
7.6 cm layer of polyurethane foam. The reverberation test was conducted using spherical 
noise sources. A more meaningful study of the 40 by 80 tunnel reverberation characteristics 
is obtained by comparing static jet noise measurements from the Boeing Anechoic Chamber 
(LTC) and the 40 by 80 tunnel. These comparisons for the 15.24 cm RC nozzle are dis- 
played in figure 16, where LTC data is compared with moving and stationary traverse 
measurements in the 40 by 80 tunnel. The measurements are in good agreement with each 
other. There are some small differences at the low frequencies which are attributed to rever- 
beration effects or reflections. 

The jet noise measurements at a nozzle pressure ratio of 1.44 on the 3.0 m sideline are com- 
pared with the “clean” jet noise predictions based on reference 5. The good agreement 
between data and predictions indicates the jet is “clean” and free of combustion and burner 
can noise, compressor noise, and flow-system noise sources. 

During the analysis, reverberation effects were observed to influence the static low fre- 
quency data on the 3 m sideline in the forward quadrant. No attempt was made during this 
study to correct for reverberation effects. 

Noise Floors 

Extensive noise floors were recorded during the test program to determine contributions 
due to the tunnel, traverse mechanisms, tunnel motor/generator (MG), J-85A^iper compres- 
sor and instrumentation. A set of the noise floors for three tunnel velocities is shown in 
figure 17. The contributions of the previous mentioned noise sources are displayed only at 
the low tunnel velocity. Only the instrumentation noise tends to come close to the tunnel 
noise at 1.6 kHz. This noise was obtained by replacing the B&K nose cones with solid brass 
nose cones, and recording tire tunnel noise at the three velocities. The resulting measure- 
ment should only indicate the instrumentation noise due to the microphone, preamp, and 
associated electronics, and the effect of tunnel induced vibration on the microphone and 
preamp. 

The tunnel noise floor measurements varied slightly with the nozzle configuration (run to run 
repeatability) and angular location in the tunnel as shown in parts four and five of figure 1 7 . The 
noise floors were observed to affect the 3 m sideline data at = 60 and 90° in the low frequen- 
cies, and at angles of 160° at high frequencies. 
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FLOW/BURNER SYSTEM ACOUSTIC CHARACTERISTICS 

During the initial analysis of the static data, a “spike” was obseived in the spectral data at 
4 kHz. A narrow-band (1 8.75 Hz) analysis was performed on the spectral data for the RC 
nozzle as measured by the 100^ microphone on the 4.6 m sideline to determine the source 
of the 4 kHz spike. The narrow-band spectra for five pressure ratios from 1.74 to 2.6 are 
displayed in figure 18. These results indicate that the spike appears at a nozzle pressure ratio 
(NPR) of 1.96 and a frequency of 3.6 kHz. The frequency of the spike does not change as 
NPR is increased , but its level is decreased. Since the spike covers many band widths, it is 
not related to the J-85/Viper turbocompressor blade passing frequency. 

A comparison of the measured spike frequency with a calculated screech frequency, based 
on reference 5 is shown in figure 19, as a function of nozzle pressure ratio for the RC, 
annular and 20-lobe nozzles. The comparison indicates the noise spike is not related to a jet 
shock screech tone. A comparison of 4 kHz 1 /3-octave static noise measurements from the 
Boeing LTC, 40 by 80 tunnel, and noise predictions (refs. 6 and 7) is displayed in figure 20. 
These comparisons indicate the noise spike is not present in the LTC data, nor is it related 
to supersonic shock-cell phenomena. 

The burner used in this test is a duplicate of the one used in the static test in the Boeing 
LTC, which did not indicate a 4 kHz spike. This would tend to rule out the burner as a 
possible source of the problem. 

The source of the noise spike was not resolved, but was eliminated by a linear fairing 
between the SPL levels in the adjacent 1 /3-octave bands. This in essence removes most of 
the spike of the 1/3-octave band spectra and its affect on the OASPL and PNL. 
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EFFECT OF AMBIENT VELOCITY ON THE JET 

The presence of ambient velocity or forward speed produces changes in the jet flow field, 
noise generation, and sound propagation. Ambient velocity produces a stretching of the 
potential core that results in a shift of the jet noise source locations downstream. 

In order to estimate the effect of ambient velocity on potential core length and peak noise 
source locations, an analytical study was conducted using the Lu/Bennan flow/noise analy- 
sis (refs. 8 and 9). The effect of ambient velocity on the centerline velocity and turbulence 
intensity is shown in figure 21. The tip of the potential core, indicated by the arrows in 
figure 21 , is observed to shift downstream by two diameters for an increase in ambient 
velocity of 91.5 m/s. The radial velocity and turbulence profiles at the tip of the core are 
shown in figure 22. The velocity profile in the region of peak shear is only slightly affected 
by ambient velocity. The turbulence intensity profile is substantially changed, with the peak 
intensity decreasing from 14.5 to 12%. 


The flow/noise analysis was also used to obtain the analytical peak power source locations 
as displayed in figure 23. The effect of ambient velocity stretching the potential core and 
shifting the noise source locations downstream is indicated to be largest for the low fre- 
quencies or Strouhal numbers. The collapse of the analytical results onto a single straight 
line at a constant modified Strouhal number indicates a means of correlating the measured 
peak noise source locations, which will be discussed later. 

The presence of ambient velocity also changes the noise propagation angle by convecting the 
sound as shown in figure 24. The noise source propagation angle ) is related to the static 
noise source radiation angle ( 0 s) the following relationship : 

Tan(</'-90°) = Sin (0g-9O°) + (1 

Cos (0s-9O°) 

NOISE SOURCE LOCATIONS AND EXTRAPOLATION PROCEDURE 


Previously in volume 1, the static distributed noise source locations were correlated as a 
function of the noise radiation angle ( Strouhal number (fDj/Vj). For the wind 

tunnel data the correlation parameters must be modified to account for ambient velocity, 
core stretch and convection. The previous static noise source correlation parameters were 
modified as follows: 
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These distributed noise source correlations were used to extrapolate static and wind-on near- 
field data into the far-field, and to correct the wind-on angular location for convection and 
core stretch. 
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The near-field jet noise data is extrapolated into the far-field by correcting both the SPL and 
angular location. The correction in level is given by; 


1/3-OBSPL (Far Field) = 1/3-OBSPL (Near Field) 


where 

Rs,m 


F-c p 

-20Logio 

Rs.m 


AdB ^S,E~^S,M 
305 305 


+ ASPLj - ASPL2 


(3) 


= acoustic path length from source location to near-field microphone 
location which has been corrected for core stretch and convection, m 


Rs,e = acoustic path length from source (through near-field location) to far- 
field sideline, m 


AdB 

305 

ASPLi 


= atmospheric attenuation (ARP 866 , ref. 10), dB/305 m 
= from figure 1 2 , volume 1, where R = Rs,M ~ SL,M 


A SPL 2 “ from figure 12, volume 1, where R = Rs^e “ SL,E 


The near-field noise increments ASPLj and ASPL 2 are obtained from figure 12 in volume 1 
of this report. The abscissa of figure 12 in volume 1 must be redefined for the wind-on cases 
as follows; 






(4) 


The correlation in figure 12 (volume 1) corrects the near- field SPL for the deviations from 
spherical divergence when extrapolating jet noise data into the far field. 

The equivalent static microphone angle for the extrapolated wind-on data is given by the 
following equation ; 

r^S2 (i|/— 90°) — Rg g - (Xg2 — "1 

61 - 90 ° = Arc Tan L — ' ■ — — J 

(5) 

which accounts for source locations, core stretch, and convection. 

The measured data has been extrapolated, analyzed, and presented in the following manner; 

1. Measured spectral data extrapolated to a 3.0 m sideline at measurement day temp- 
erature and relative humidity covering frequencies of 200 Hz to 40 kHz. 

2. PNL (ref. 1 1) and OASPL calculated from measured spectral data extrapolated to 
a 305 m sideline and 0 altitude including corrections for a scale factor of 5, 


Doppler frequency shift (but not level) and ambient conditions of 25°C and 70% 
relative humidity. The extrapolation to 305 m was performed in two steps: 

(1) to a 15.24 m sideline using the distributed source locations and model fre- 
quencies and (2) from 76.2 (5 X 15,24) to 305 m using point source located at 
the nozzle exit plane and scaled frequencies of 50 Hz to 8 kHz. 

15.24 cm RC NOZZLE 

The baseline nozzle used in the 40 by 80 tunnel flight effects test was a 1 5.24 cm RC nozzle. 
The RC nozzle was tested at both subsonic and supersonic jet exhaust Mach numbers, and 
at tunnel velocities up to 92 m/s. The data from the RC nozzle was analyzed to 

• Verify noise source location and propagation angle correlations presented in 
volume 1 and modified in earlier discussions 

• Verify the near-to far-field extrapolation technique 

• Establish the flight effects on jet noise in both the forward and aft quadrant for 
subsonic and supersonic test conditions 

Noise Source Locations 

Peak noise source locations (Xg/D) and noise propagation angles ( i// ) were determined for 
the RC nozzle as shown in figure 25. The experimental peak noise radiation angles show the 
effect of sound convection by the ambient velocity. The measured results agree with the 
calculated trend given by equation 1. The static or initial value of the sound radiation angle 
was obtained from the correlation presented in figure 17 of volume 1. 

The peak noise source locations shift downstream as the ambient velocity is increased due to 
the stretching of the potential core. The experimental peak noise source locations display 
the same linear trend observed in the analytical results presented in figure 23. The faired line 
drawn through the data was established by using the noise propagation angle to enter figure 
18 of volume 1 to determine the noise source locations. Stated another way, the peak noise 
source locations agree with the previous static correlations when 0g is changed to \J/, and 
Strouhal number is based on the relative velocity (Vj - V^). 

Distributed noise source locations and propagation angles were determined for subsonic and 
supersonic jet conditions, static and wind-on tunnel conditions as presented in figure 26. 

The 40 by 80 tunnel data are shown to agree and correlate with the LTC measurements 
(faired curves). Further, the 40 by 80 tunnel results confirm the observation that all forward 
quadrant noise is generated from a point located 1 to 3 diameters downstream from the 
nozzle, depending on the Strouhal number. 

Model-Scale Extrapolation 

These noise source correlations were used in the near-to far-field extrapolation technique, 
described earlier, to extrapolate measured data from 0.6 and 1.5 m sidelines to the 3.0 m 
location. The wind-on data was corrected for the following as appropriate 


• Source location 


T 


• Near-field effects 

• Spherical divergence 

• Atmospheric attenuation 

• Core stretch 

• Convection 


The static data were only corrected for the first four items. The extrapolated subsonic 
static data for the three sidelines are in good agreement as displayed in figure 27. The wind- 
on cases in figures 28 and 29 also exhibit a good data collapse. A static and wind-on super- 
sonic case is displayed in figures 30 and 31. The extrapolated static data are compared with 
empirical predictions for clean, shock-free jet mixing noise (ref. 6) and shock-cell noise 
(ref. 7). The shock-cell noise component is shown to dominate the peak and high frequency 
region of the forward arc spectra. 

Flight Effects on Subsonic Jet Noise 

Subsonic data from the RC nozzle at a pressure ratio of 1.75 and tunnel velocities of 3, 46 
and 69 m/s are compared in figure 32 on the basis of overall and 1 /3-octave band SPL 
directivity. 

The measured results were extrapolated to a 3 m sideline where the resulting data from the 
three locations indicate the same effect of ambient velocity on jet noise. In addition, the 
comparisons do not indicate any noise increase in the forward quadrant. 

Previous investigations (refs. 12, 13 and 14) have developed flight effects prediction proce- 
dures based on a velocity exponent in a power law applied to the OASPL. In general, these 
studies have shown that the flight noise spectrum changes shape relative to the static spectrum. 


An attempt was made during this study to correlate the effect of ambient velocity on the 
subsonic jet noise spectra. Since the normalized (1/3-OBSPL- OASPL) jet noise spectra for 
an RC nozzle at a given jet total temperature is a function of Strouhal number and velocity 
ratio the wind-on spectra should be compared with the measured static case where 

the jet velocity is equal to the wind-on relative velocity (Vj - V^^). These 1/3-OBSPL incre- 
ments are presented in figure 33 as a function of angle and Strouhal number, fD/(Vj - V/^). 
The subsonic results presented in figure 33 also represents the deviation of the measured 
flight effect from the full relative velocity effect, and is a measure of the distortion of the 
jet flow field and noise generation mechanisms by the ambient velocity. The results 
presented in figure 33 can be used to predict the effect of ambient velocity on subsonic 
and supersonic shock-free jet noise. The prediction procedure would consist of the spectral 
correction and an increment in OASPL due to the relative velocity (Vj - V^). The effect 
on the OASPL can be calculated using the velocity and density exponents given in figure 34, 
and equation 6. 
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The static velocity and density exponents for the RC nozzle were based on the collected and 
normalized clean jet noise data of reference 6, since the quantity of data was much larger 
than measured in this test series and covers a wider range of jet conditions. 

Flight Effects on Supersonic Jet Noise 

The effect of ambient velocity on supersonic jet noise from an underexpanded RC nozzle is 
shown in figures 35 and 36 for NPR = 2.25 and 2.6, and ambient velocities of 8, 46 and 94 
m/s. The predictions for static jet mixing noise and shock-cell noise are indicated. The 
shock-cell noise can be seen to act as a noise floor which prevents the application of the full 
effect of ambient velocity on jet mixing noise. In addition, when the shock-noise is the 
dominant noise source, ambient velocity produces a noise increase in the forward quadrant. 

Scaled RC Nozzle Flight Effects 

Acoustic data from the 0.6, 1.5, and 3 m sidelines were extrapolated to a 305 m sideline and 
were corrected for 

• Scale factor of 5 

• Source location and near-field effects 

• Core stretch 

• Convection 

• Ambient conditions, 25°C and 70% R.H. 

• Doppler frequency shift (but not level) 

The OASPL and PNL directivities for NPR = 1.58, 1.75, 2.25 and 2.6 at a flight (wind-on) 
Mach number of 0.2 are displayed in figures 37 through 40. 

The absolute levels are shown in the upper part of each figure and change or increment in 
noise due to flight is shown in the lower part. The static and wind-on measurements from 
the three sidelines agree reasonably well. The increment in noise level due to flight measured 
in the near-field (0.6 m) and the far-field (3.0 m) are in good agreement. The subsonic cases 
do not show an increase in noise in the forward arc, while the supersonic cases do show an 
increase. The increase in noise for the supersonic case is due to shock-cell noise. 

Shock-Cell Noise 

The shock-cell structure in a supersonic jet from an underexpanded nozzle generates noise in 
the mid to high frequencies and at angles in the forward arc. The shock-cell related noise is 
generated by shock-shock, shock-edge, and by shock-turbulence interactions. Little is pres- 
ently known about these noise generation processes nor the effect of ambient velocity on 
these shock associated noise sources. 

In order to isolate the flight effect on shock-cell noise, the measured supersonic jet noise 
must be broken up into a jet mixing component and a shock-cell component. The two 
effects have been separated in the far field by using PNL based on scaled extrapolated data 
from the 40 by 80 tunnel and static predictions (refs. 6 and 7) as shown in figure 41. The 
variation of jet mixing noise with ambient velocity has been suggested by references 12 and 
1 3 to be of the form 
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-10 Log(l -M^ Cos 01) 

The second term represents the change in jet noise source due to flight effects, a«d the third 
Srm accounts for the relative motion between the airplane and the ground based observer. 

The value of n at 40 and 140O ^as obtained from a “best” fit of the subsonic data. The 
Iffect of forward speed on shock-cell noise has been shown in reference 14 to follow. 


PNLpiight = PNLstatic -40 Log^o 0 - ^aCos 0i) 


( 8 ) 


Ti, ^ r.f n «.mPisonic iet is dominated by shock noise in the forward quadrant, and jet 
The noise of asp , , At 0 t = 40° and NPR = 2.25, the data lay slightly below 

mixing noise m the aft quadrant. At w anu ^ ^ ^i,. at 0t = 

the shock-cell prediction, but well above the jet mixing noise. At NPR - 2.6 the data at i 
2)0 follow the^prediction given by equation 8. From these results, it can be concluaed tha 
shock-cell noise is increased in flight and represents one cause of the increase in forward arc 

noise in flight. 

Flight Velocity Exponents 

As indicated in the ptevious section, one of the methods of f ® 

data is through the use of a velocity exponent as given by equation 7. The flight velocity 

exponent can be obtained by using the following; 


lOnLogy^ - Va~ ^^^^Lstatic 


(9) 


+10Logio(l-:iACosdl) 


'] 


The variation of OASPL and PNL with relative jet velocity is presented in figure 42 two 
loz^rpreTsure ratios. The variation of OASPL and PNL velocity exponents with angular 
position and NPR are summarized in figure 43. The data are observed to vary with nozzle 
pressure ratio. The results presented in the figure are similar to those presented by o 
investigators in references 12, 15 and 16. 

Wind Tunnel - Flight Comparison 

A comnarison of the 40 by 80 tunnel RC nozzle data and taxi-by flight data (ref. 17) from 
fhe F sISbre jet aircraft are displayed in figure 44. The Orenda ^ en^ne w« 

is installed in the F-86 Sabre jet aircraft was ground static tested at Paine Field, Was ^ 8 

near the middle of a 61 m wide runway. Ground microphones were 
o4hi^ed^ m sideline at angles from 20 to l60O. The Orenda 14 engine exhau t 
rnnsists of a taUpipe 57.4 ram in dia and 2.4 m long, with a 48.0 cm dia conical 
nwzle. Prior to acoustic testing the engine exhaust conditions were determined as a function 

of engine power. 


The F-86 static data used in figure 44 are an average of 3 runs, while the flight data are an 
ensemble average of 10 microphones. The fiight effects increment in OASPL from the wind 
tunnel and flight-test are in good agreement. This comparison adds further verification of 
the extrapolation procedures and use of a wind tunnel to simulate flight effects on jet noise. 

ANNULAR NOZZLE 

The peak noise source locations, radiation angles, and distributed noise source locations for 
the annular nozzle are presented in figure 45 and 46. The peak noise radiation angles and 
source locations display the effects of sound convection, and core stretch. The wind-on 
distributed source locations are in good agreement with the static correlation of volume 1 . 

The measured noise data for the annular nozzle at NPR =1.75 was extrapolated to a 3.0 m 
sideline as shown in figures 47 and 48. The extrapolated OASPL and 1 /3-octave SPL spectra 
are observed to be in good agreement with the measured 3.0 m sideline data for both the 
static and wind-on cases. The static data has been compared to a postmerged prediction. 

The low frequency static data at d\ = 60° shows some stratification due to reverberation 
effects. The wind-on data also displays this trend, which is due to reverberation effects plus 
interaction of the jet noise with the tunnel noise floor. 

The measured flight effects for the annular nozzle at subsonic and supersonic jet conditions 
are shown in figure 49 and 50 for three ambient velocities. The subsonic jet noise at = 60° 
is reduced by the ambient velocity, while the supersonic jet is unaffected . The effect o| g 
ambient velocity on subsonic jet noise for an annular nozzle has been correlated as dis^'l^ed 
in figure 51, where flight or wind-on data has been referenced to the case where the static 
velocity equals the wind-on relative velocity. The data at = 60 and 90° indicates the 
annular nozzle sees full relative velocity reduction in jet noise. At angles closer to the jet 
axis, the low frequency noise shows more reduction, while the high frequency noise shows 
less reduction. The static velocity exponent (m) for the annular nozzle is displayed in 
figure 52. The exponent is slightly lower than that presented earlier for tire RC nozzle at 
angles greater than 120°. 

The scaled flight effects for the annular nozzle are presented in figures 53 through 56. The 
OASPL and PNL measured in the near field are the same as that measured in the far field, 
both on an absolute basis and a flight increment basis. The supersonic case indicates a small 
increase in the forward quadrant PNL as presented in figure 56. 

20-LOBE NOZZLE 

The peak and distributed noise source locations for the bare 20-lobe nozzle are presented in 
figure 57 and 58. At low frequencies or Strouhal numbers the source locations stratify with 
nozzle pressure ratio. The distributed noise source locations, shown in figure 58, were used 
to extrapolate data from the near field into the far field as displayed in figures 59 and 60. 

The data collapse for both the static and wind-on conditions is excellent. 

The static data presented in figure 59 are compared with pre and postmerged jet mixing 
noise and shock-cell noise predictions. The shock-ceU and premerged noise predictions are 
based on 20 equivalent, isolated, noninteracting round jets. The difference between the data 
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and premerged predictions at angles of 140 and 160° is an indication of the effect of jet 
interaction and ambient air entrainment on jet noise. The agreement between the predic- 
tions and data at the very high frequencies indicates presence of the elemental jets, since this 
noise is generated at or near the nozzle exit before any interaction or mixing occurs. Com- 
parison of the data and shock-cell prediction indicates that the high frequency region at all 
angles is influenced by shock noise. 

The postmerged prediction is in good agreement with the data. The postmerged jet condi- 
tions for the predictions were based on one-dimensional ejector calculations with the 
following assumptions: 

• The air entrained by a nuiltilobe/tube nozzle is not affected by a lossless, friction- 
less ejector with a diameter equal to that of the nozzle exterior. 

• The flow is one-dimensional, with constant and equal gas properties. 

The one-dimensional ejector calculations solve the equations of continuity, momentum, and 
energy to obtain the ejector entrained airflow and velocity, as well as the fully mixed condi- 
tions at the ejector exit. 

The effect of ambient velocity on 20-lobe nozzle jet noise at a subsonic and supersonic 
condition is presented in figures 6 1 and 62. The subsonic data at all angles and frequencies 
indicates a reduction in noise levels with forward speed. At the supersonic nozzle test con- 
dition, the noise measurements in the forward arc and high frequencies are not affected by 
forward speed. As indicated by the predictions, the high frequencies are influenced by the 
shock-cell noise component. In light of the earlier premerged shock noise prediction, 
it would appear the shock structure of the elemental jets was not affected by entrainment 
of ambient air or elemental jet interaction. 

The subsonic spectral data from the 20-lobe nozzle was also normalized with the static case 
at the jet relative velocity and with Strouhal number. In the forward quadrant the jet noise 
from the 20-lobe nozzle is reduced by the full relative velocity (Vr) effect, as shown in 
figure 63. For the aft quadrant angles, the 20-lobe nozzle jet noise is reduced by more than 
full Vr in the low frequency postmerged region and less than full Vr in the high frequency 
premerged region. The static OASPL velocity exponents for the 20-lobe nozzle are given in 
figure 64. The static exponent is shown to peak nearer to the jet axis than the RC and 
annular nozzles. 

The OASPL and PNL directivity for the 20-lobe nozzle are presented in figure 65 through 
68 based on the scaled and extrapolated static and wind-on spectral measurements. Only the 
PNL at the NPR = 2.25 condition indicates a noise increase at the forward arc angles due to 
shock-cell noise. The OASPL and PNL based on measurements from the three sidelines dis- 
play the same effect of flight on both an absolute and incremental basis. Forward speed 
results in less noise reduction at the supersonic conditions due to the higher relative jet . 
velocity. 

ANNULAR AND 20-LOBE NOZZLES WITH LINED EJECTOR 

The annular and 20-lobe nozzles were tested with the same lined ejector as described in an 


earlier section. The results of the analyses are presented in figures 69 through 85. To deter- 
mine ejector performance, total and static pressure in the entrained airstreani were measured. 
These measurements are presented in figure 69 and compared with ideal one-dimensional 
ejector calculations. The measured ejector inlet Mach number for the 20-lobe nozzle 
approaches the predictions, while the annular nozzle inlet Mach number is significantly 
lower. These differences are due to deviations in the actuai ejector exit velocity profile from 
the flat, fully mixed profile used in the predictions. 

The calculated, fully mixed, ejector exit velocity, and total temperature, and the ejector 
entrained airflow are displayed in figure 69. The static entrained airflow for this area ratio 
1 .8 ejector is equal to 50% of the jetflow rate and results in a fully mixed or postmerged 
velocity ratio (Vmixed/Yj) 0-68. As ambient velocity is increased, the fully mixed ejector 
exit velocity and the entrained airflow are increased. 

The noise source characteristics for the 20-lobe and annular nozzles with lined ejector are 
shown in figures 70 through 73. The noise source locations indicated are measured relative 
to the ejector exit, and the normalizing parameters have been based on jet exit conditions. 
The annular and 20-lobe nozzle distributed source locations based on 40 by 80 tunnel 
results are in agreement with the static correlations from volume 1. In the case of the 20- 
lobe nozzle with lined ejector, the source locations at high frequencies and noise propaga- 
tion angles were closer to the ejector exit than the previous static results (volume 1). This 
change is indicated in figure 73 by the dashed lines. 

The extrapolated 1/3-octave band SPL spectra for the two ejector suppressor configurations 
are presented in figures 74 through 77 for both static and wind-on conditions. Comparison 
of the extrapolated data from the 0.6 and 1.5 m sideline are in agreement with the measured 
3 m sideline results. Some stratification occurs in the case of the 20-lobe ejector suppressor 
at high frequencies and angles near the jet axis. 

The scaled and extrapolated OASPL and PNL for the two nozzle systems are presented in 
figures 78 through 85. Both the OASPL and PNL are reduced at all angles and for both test 
conditions. In general, the effect of forward velocity on OASPL and PNL is greatest at the 
aft quadrant angles, with equal noise reduction for the annular and 20-lobe configurations. 

57-TUBE NOZZLE WITH LINED EJECTOR 

The 57-tube ejector suppressor configuration was developed during the FAA-DOT Phase II 
program for the SST turbojet engine. The nozzle was optimized to provide maximum sup- 
pression with minimum performance losses. The measured and predicted ejector perfor- 
mance are presented in figure 86. The predictions are in good agreement with the measure- 
ments. The area ratio 3.0 ejector produces an entrained airflow equal to 100 to 120% of the 
jetflow and results m a low postmerged velocity ratio (Vj-nixed/Yj) 0.515. The fully 
mixed velocity ratio increases slightly as the ambient Mach number increases, which produces 
increased entrained airflow. 

The 57-tube nozzle base and ejector lip were instrumented for the wind timnel test to study 
the effect of ambient velocity on some of the contributors to the propulsion performance 
losses. The location of the static pressure taps are indicated in figure 13. 
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The ejector inlet area which is provided for the entrainment and acceleration of ambient air 
by the high-velocity jet produces a reduction in static pressure that (1) results in a thrust 
force on the ejector lip and (2) produces a base drag on the suppressor nozzle. 

Static pressure distributions across the nozzle base and along the ejector Up are presented in 
figure 87 for NPR = 2.6 at four tunnel velocities. The nozzle base pressures are slightly 
affected by forward velocity. Forward velocity produces a ram drag performance penalty 
which is indicated by the increase in lip pressures and a reduction in lip suction. 

The acoustic characteristics of the 57-tube composite nozzle with lined ejector are presented 
in figures 88 through 96. The apparent peak and distributed noise source locations are 
presented in figures 88 and 89 for pressure ratios up to 2.60. The distributed source 
locations presented in figure 89, plus the correlation presented in figure 12, volume 1, were 
used to extrapolate near-field jet noise measurements into the far-field (3 m) as shown in 
figures 90 and 91 . The extrapolated data are in good agreement with the measured OASPL’s 
and the 1/3-octave band SPL’s. 

The static measured data extrapolated to a 3.0 m sideline are compared to predictions in 
figure 90. The low frequency postmerged prediction is based on the ejector calculations 
shown in figure 86. 

The extrapolated data in the high frequencies at angles near the jet axis exhibit some dis- 
agreement. The 1 .5 and 3.0 m sideline are in agreement, but are higher than the 0.6 m side- 
line data. The 0.6 m data are in agreement with the LTC test results as shown in figure 92. 
The cause of the discrepancy is unknown at present. 

The scaled and extrapolated data from the 57- tube ejector suppressor are displayed in 
figures 93 through 96 on the basis of OASPL and PNL directivity. The static and flight data 
indicate the same flight effect both on an absolute and incremental basis. The OASPL and 
PNL from the 0.6 m sideline is 2 dB lower than the 1.5 and 3.0 m sideline levels at angles 
greater than 120°. The OASPL’s and PNL’s are reduced by forward speed effects in the aft 
quadrant, while little reduction is observed at angles in the foward quadrant. 


EFFECT OF FORWARD SPEED ON THE 
JET NOISE SUPPRESSION CHARACTERISTICS 


The effect of forward speed on the noise generation and suppression is highly dependent on 
the nozzle geometry, nozzle flow conditions, and location of the noise sources. The five 
suppressor configurations studied used the following jet noise suppression mechanisms : 

• mean velocity reduction 

• frequency shifting 

• alteration of the directivity 

• absorption by acoustic treatment in the ejector. 

One of the purposes of the test series in the 40 by 80 tunnel was to determine if static jet 
noise suppression levels are altered by forward speed. Since aircraft are certified on the basis 
of a duration weighted or effective perceived noise level (EPNL), jet noise reduction must be 
accomplished by a reduction of both the peak PNL and PNL on either side of the peak to be 
effective. 

The effect of ambient velocity on peak PNL for each of the six nozzles is presented in 
figures 97 through 102 for each of four ambient velocities. In the case of the RC nozzle the 
peak PNL is reduced as ambient velocity is increased. The reduction in PNL due to flight 
increases as jet velocity is reduced for a specified ambient velocity. 

In the ca.se of the two bare suppressor and three ejector suppressor nozzles, their peak PNL 
suppression capability (relative to the RC nozzle at the same ambient velocity) is reduced as jet 
velocity is reduced and ambient velocity is increased. For example, the peak static PNL 
suppression for the 57-tube nozzle with lined ejector at NPR = 2.25 is reduced from 
lOA PNdB to 4.0 APNdB at 92 m/s as displayed in figure 103. The 20-lobe suppressor 
ejector static peak suppression is reduced from 10 APNdB to 5.0 APNdB. Only the annular 
nozzle with a lined ejector tends to maintain its peak PNL suppression as ambient velocity is 
increased. 

The effect of forward speed on the PNL directivity is presented in figures 104 through 107. 
Displayed in these four figures are comparisons of the RC with the annular and 20-lobe 
nozzles, and the RC with the three ejector suppressor nozzles at NPR =1.75 and 2.25. The 
two bare nozzles mamtain the same PNL relative to RC nozzle at NPR = 1.75. At NPR = 

2.25 the difference in levels between the suppressor and basehne nozzles is narrowed for the 
ambient velocity case. This decrease in jet noise suppression is shown in figure 108 as the 
result of the RC nozzle PNL decreasing more than that for the two suppressor nozzles. 

The ejector suppressor configurations tend to lose suppression near the peak noise angles 
(120 to 140°) as presented in figure 109. The 20-lobe nozzle with lined ejector gains 2 to 3 
PNdB at angles of 140 to 160°. A maximum PNL suppression of 20 PNdB was achieved at 
150° with the 57-tube nozzle/ejeetor operating at NPR = 2.25 as displayed in figure 109. 

A comparison of the baseline RC nozzle and the three ejeetor/suppressor nozzles on the 
basis of a Noy weighted spectra [33.3 log (N) + 40] is shown in figures 1 10 and 111 for a 
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static and flight (wind-on) condition at three angles: 

• 800 

• 1 IQO, representative of peak PNL for suppressor models 

• 14QO, representative of peak PNL for the baseline RC and annular nozzles 

The Noy weighted spectra indicate the frequency regions that have the greatest influence on 
PNL. The 20-lobe and 57-tube ejector suppressor nozzles are dominated by premerged (high 
frequency) mixing noise at the peak PNL angle of 1 lOO. The peak PNL for the RC and annular 
suppressor ejector nozzles occur at 1 40° where the spectra are dominated by low frequency 
jet mixing noise. 

The 57-tube nozzle produces the lowest Noy level in the low frequency region due to the 
large base to nozzle area ratio (3), and low postmerged jet velocity. The 20-lobe and annular 
nozzles used an area ratio 1.8 ejector, and had a corresponding higher postmerged velocity. 

The effect of ambient velocity on jet noise is greatest in the low frequencies. This effect 
results in a reduction of peak PNL suppression in flight for the 20-lobe and 57-tube ejector 
suppressor nozzles relative to the baseline RC nozzle as presented earlier. 
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CONCLUSIONS 


Jet noise measurements were made in the 40 by 80 tunnel for six model-scale nozzles along 
three sideline locations extending from the near to the far field. The objectives of the test 
were to 

• verify a technique for extrapolation of data measured in the near field into the 
far field. 

• establish the wind tunnel as a simulation technique for measuring flight effects on 
engine noise components. 

• determine flight effects on jet noise for baseline and suppressor nozzles. 

The following conclusions are made as a result of the model-scale tests. 

NEAR/FAR JET NOISE 

Noise levels and flight noise iiicrements measured in the near field were observed to agree 
with those in the far field for the same acoustic angle when appropriate corrections are 
applied for source location, near field, spherical divergence, atmospheric attenuation, core 
stretch, and convection. 

Flight noise levels may be defined by extrapolation of wind tunnel absolute noise levels to 
flight conditions or by application of measured noise increments to measured or predicted 
far-field static noise levels. 

FLIGHT EFFECTS ON JET NOISE 

Forward speed reduces jet mixing noise at all angles and all test conditions. 

The reduction in jet mixinj noise due to forward speed is a function of frequency, power 
setting and nozzle configuration. 

One of the causes of the increase in forward arc engine noise with increasing forward speed 
is supersonic shock-cell noise. Shock-cell noises increases in the forward quadrant and 
decreases in the aft arc as forward speed is increased. 

The largest reductions in jet noise due to forward speed tend to occur at angles near the jet 
axis. 

FLIGHT EFFECTS ON JET NOISE SUPPRESSION 

Peak jet noise suppression (relative to baseline nozzle) in flight is less than that measured statically. 

The loss in suppression with forward speed is dependent on nozzle configuration and jet 
conditions. 

Only the annular nozzle with and without ejector showed little loss in suppression with 
forward speed. 


WIND TUNNEL/FLIGHT COMPARISON 


Wind tunnel measured flight effects for the baseline nozzle were shown to be in good agree- 
ment with flight-test data from the turbojet powered F-86 aircraft which adds further con- 
firmation that wind tunnels provide an accurate means for simulation and measurement of 
the effect of forward speed on aircraft engine noise. 
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Table 1.— Annular Nozzle Dimensions 


^RECEDING- PAGE 


Nozzle flow area 

186.1 cm^ 

Ejector inlet area 
Nozzle flow area 

1.8 

Ejector length (nozzle exit 
to ejector exit) 

30.5 cm 

Overall ejector length 

37»8 cm 

Plug diameter 

15.3 cm 

Annular nozzle diameter 

21.7 cm 

Ejector exit diameter 

21.1 cm 


Table 2.— Dimensions for 20-Lobe Nozzle 


Nozzle flow area 

179.9 cm2 

Ejector inlet area 
Nozzle flow area 

1.8 

Ejector exit area 
Nozzle flow area 

1.8 

Ejector length (nozzle exit 
to ejector exit) 

30.5 cm 

Overall ejector length 

37.8 cm 

Diameter of plug i 

15.2 cm 

Maximum diameter of lobes 

25.1 cm 

Ejector exit diameter 

21.1 cm 

Lobe width 

2.0 cm 

Lobe height 

4.6 cm 

Lobe radius (crown) 

1 .0 cm 


blank not FILMEBj 
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Table 3.— Dimensions for 57 -Tube Nozzle 


Nozzle flow area 

163.9 cm^ ' 

Nozzle base area (outer 
edge of tubes) 

475.2 cm^ 

Ejector area 

489.0 cm^ 

Ejector length (nozzle 
exit to ejector exit) 

29.7 cm 


Ejector set back (tube exit 
to ejector lip) 

Overall ejector length 

Nozzle base area/nozzle 
flow area 


2.0 cm 


27.7 cm 
2.9 


Ejector area/nozzle flow area 


Number 

Row 5 24 (elliptical ) 










Table 4.— Model and Wind Tunnel Test Conditions 



Static V conditions 


Vj, m/s 


o 

o 

RH,% 






— 

592 

7.3 

12.2 

74.5 


571 

5.8 

11.7 

74.5 


548 

6.7 

11.7 

74.5 


548 

6.7 

11.7 

74.5 


530 

7.6 

13.3 

65.0 


498 

3.3 

13.3 

65.0 


498 

3.3 

13.3 

65.0 


476 

3.3 

13.3 

65.0 


459 

4.6 

13.3 

65.0 


459 

4.6 

13.3 

65,0 


432 

5.8 

13.3 

65.0 

i 

405 

5.8 

13.3 

65.0 

J 

405 

5.8 

13.3 

65.0 

i 


4.6 

13.3 

65.0 




589 

6.7 

15.5 

44.5 


54.4 

5.8 

15.5 

44.5 


496 

0 

15.5 

44.5 



453 


0 


15.5 


44.5 


















Table 4.— (Continued) 




OO 

to 













20- Lobe Nozzle 


Static and wind-on conditions Equivalent static condition 


Run 

NPR 

T-p, K 

Vj, m/s 

V^, m/s 

0 

o 

RH, % 

Run 

NPR 

T-p,K 

Vj/m/s 

m/s 

O 

0 

RH, % 

87 

1.44 

819 

403 

0 

11.7 

70.5 








89 

1 .58 

843 

455 

6.7 

11.7 

70.0 








98 

1.59 

825 

454 

46.0 

17.8 

50.0 

87 

1,44 

819 

403 

0 

11.7 

70.5 

99 

1.57 

825 

449 

68.9 

19.4 

46.0 

86 

1.38 

824 

384 

5.8 

11.7 

70.5 

91 

1,75 

836 

500 

4,9 

12.2 

69.5 








97 

1.74 

805 

489 

46.0 

17.8 

51.0 

89 

1.58 

843 

455 

6.7 

11.7 

70.0 

100 

1 J6 

822 

498 

69.2 

20.5 

42.0 

88 

1,50 

832 

430 

6.7 

11.7 

70.0 

93 

1.95 

839 

544 

5.8 

12.2 

69.5 








96 

1.97 

814 

538 

46.0 

17,2 

53.0 

91 

1.75 

836 

500 

4.9 

12.2 

69.5 

lot 

1,96 

839 

543 

69.2 

21.1 

39.5 

90 

1.66 

827 

476 

5,8 

12.2 

70.0 

104 

1.97 

803 

536 

94.2 

27.8 

22.0 

89 

1.58 

843 

455 

6.7 

11.7 

70.0 

94 

2.24 

827 

588 

7,6 

12.8 

69.0 








95 

2.24 

827 

587 

46,0 

16.1 

57.0 

93 

1.95 

1 839 

544 

5.8 

12.2 

69.5 

102 

2.24 

825 

588 

69.2 

22.8 

35.0 

92 

1.85 

834 

522 

6.7 

12.2 

69.5 

103 

! 2.24 

828 

589 

93.9 

25.6 

28.0 

91 

1,75 

836 

500 

4.9 

12.2 

69.5 


u) m Lo 











































































ORIGINAL PAGE LS 
OP POOR QUALITY 





Figure 2. - Nozzle Nacelle, Hot Flow "S" Duct and Burner Installation 
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Figure 10.— Flow System Characteristics 
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Figure 12.— (Continued) 
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Figure 13.— 57-Tube Nozzle Base and Ejector Up Static Pressure Instrumentation 
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Figure 14.— Comparison of Measured Hygrometer Relative Humidity 

with Calculated Values Based on Constant Specific Humidity 
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Figure 16.— Comparison of Static Jet Noise Spectra Measured in the 40-by 80-Ft Wind 
Tunnei and the Boeing Anechoic Chamber, 15.24cm RC Nozzle, 
NPR=1.44 
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Figure 16 — (Concluded} 
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Figure 17.— ( Cc iduded) 
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Figure 22.- Velocity and Turbulence Profiles at the Tip of the Potential Core 





Figure 23.— Calculated Peak Noise Source Locations Using the Lu/Berman Fiow/Noise 
Analysis, 15.24cm RC Nozzle 




Figure 24.— Coordinate System and Nomenclature 




Figure 2U.- Peak Noise Source Locations and Noise Propagation Angles for the 15.24 cm RC Nozzle 
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Figure 27.— OASPL and 1/3-OBSPL Directivity Data fora 15.24 cm RC Nozzle 
Extrapolated to a 3.05 m Sideline. NPR = 1.75 Va = 3 m/s 
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Figure 28. (Concluded) 
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Figure 29.~ OASPL and 1/3-0 BSP L Directivity Data fora 15.24 cm PC Nozzle 
Extrapolated to a 3.05 m Sideline NPR = 1.75 \/a -69 m/s 
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Figure 30.- 


OASPL Directivity and Jet Noise Spectra for a 15.24 cm BC Nozzle 
Extrapolated to a 3.05 m Sideline, NPR == 2.25, Va - 0 m/s 
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Figure 31.— OASPL Directivity and Jet Noise Spectra for a 15.24 cm RC Nozzle 
Extrapolated to a 3.05 m Sideline, NPR - 2.25, == 91.5 m/s 
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Figure 31.— (Continued) 
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Figure 32.— (Continued) 
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Figure 32.— (Continued) 
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Figure 32.— ( Continued) 
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Figure 37. — 0.76 m RC Nozzle Flight Effects Based on 40 by 80 Tunnel Measurements 
= 457 m/s V, = 68.6 m/s 
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Figure 37.— (Concluded) 
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Figure 38.— 0.76 m RC Nozzle Flight Effects Based on 40 by 80 Tunnel Measurements 
Vj = BOO mk Va ~ ^8.6 mA 
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Figure 38,-- (Concluded) 
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Figure 40.— 0.76 m RC Nozzle Flight Effects Based on 40 by 80 Tunnel Measurerrients 
V; = 640 m/s 14 = 68.6 m/s 
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Figure 40,— (Concluded) 




aPNd'iNd aPNd'lNd 


Shock noise component 


e 

. --fj 

-g" 

~ "6 





* • — 

i"', 

\ . . . 


Jet mixing noise component 



Jet mixing noise 
n = 8 


Altitude = 0 
Sideline - 305 m 
25°C 70% RH 


NPR 

1.75 2.25 2.6 

o O' ^ 

□ d: 0 

a A 


Measured SU m 

0.6 


Figure Effect of Ambient Wlocity on Shock-Cell Noise from an RC Nozzle 








bym 



O 

60 


□ 

90 


A 

120 

NPR = 1.75 

O' 

130 

Vj = 503 m/s 

# 

140 

305 m sideline 

■ 

150 


A 

160 


140° 

150° 


10 

10 









Flight velocity exponent {n] 






61 


Figure 44. 


Angle — Degrees, re: Inlet axis and nozzle exit 


Comparison o f Flight Effects on OASPL Measured in the 40 by 80 Tunnel 
with F-86 Taxi-By Results 





















rt r I 












Xs/ D 




































































r 




I 

NL 



Figure 47.— (Continued) 
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Figure 49,— (Continued) 




173 






(N 110 
























OASPUdB 


3.0 m sideline 


150 


140 


130 


120 


110 


Sym 

o 

□ 

A 


Va, m/s 
7.6 
46.3 
94.2 


8 8 


Q 


O 


O 




Q O □ ° ° 


A 


o 


100 


20 


40 


60 80 100 120 
Angle — Degrees, re; Inlet axis and nozzle exit 


140 


160 


Figure 50.- Effect of Ambient Veiocity on Jet Noise OASPL and 1 /3-OBSPL Spectra, 
NPR = 2.25 
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Figure 50.— (Concluded) 
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Figure 56 — Flight Effects on PNL of an Annular Nozzle NPR == 2.25, Vj = 594 m/s 
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Figure 57.— Peak Noise Source Locations and Noise Propagation Angles for the Bare 
20-Lobe Nozzle 
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Figure 58.— (Continued) 
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Figure 60.— OASPL Directivity and Jet Noise Spectra for the 20- Lobe Nozzie 
to a 3.0 m Sideiine, NPR = 2.25, = 93.9 m/s 
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Figure 62.— Effect of Ambient Velocity on Jet Noise OASPL and 1/3-OBSPL Spectra for 
the 20-Lobe Nozzle NPR = 2.25 
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Figure 62.— (Concluded) 
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Figure $9,— (Continued) 
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Figure 71.— Peak Noise Source Locations and Noise Propagation Angies for the 20-Lobe 
Nozzle With Lined Ejector 
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Figure 72. - ( Con tinued) 
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Figure 73.— Effect of Ambient Velocity on the Distributed Noise Source Locations 
for a 20-Lobe Nozzle with Lined Ejector 
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Figure 73.— (Continued) 
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Figure 73.— (Continued! 
































































Figure 74.- OASPL Directivity and Jet Noise Spectra for the Annular Nozzie with Lined 
Ejector Extrapoiated to a 3.0 m Sideline NPR = 1.76, - 3.3 m/s 
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Figure 74.— (Continued) 
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Figure 74, — ( Continued) 
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Fiaure 75- OASPL Directivity and Jet Noise Spectra for the Annular Nozzie with Lined 

Ejector Extrapolated to a 3.0 m Sideline NPR - 1.766, - 69.5 m/s 
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Figure 75.— (Continued) 
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Figure 76.— OASPL Directivity and Jet Noise Spectra for the 20- Lobe Nozzle with 

Lined Ejector Extrapolated to a 3.0 m Sideline, NPR— 2.26, 14 = 5.8 m/s 
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Figure 76.— (Continued) 
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Figure 77,— (Continued) 
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Figure 77.— (Continued) 
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Figure 80.— (Concluded) 


L_ 

140 







Static PNL- Flight PNUAPNdB PNL, PNdB 


3.0 m measured sideline 


oo 

o o 


305 m extrapolated sideline 
0 m altitude 
25% 70% RH 


Sym Measured SL, m 

O 0.6 

□ 1.5 

Faired curve 


60 80 100 120 
Angle — Degrees, re: Inlet axis and ejector exit 

Figure 81.— (Concluded) 
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figure 83.— Flight Effects on OASPL of a 20-Lobe Nozzle with Elector 

NPR = 2.25 Vj = 594 m/s 







PNUPNdB PNL, PNdB 




IlOf 


100 


90 


80 I 
130 1 


0.6 m measured sideline 
305 m extrapolated sideline 
0 m altitude 
25°C, 70%RH 

SymVA,m/s 
O 5.8 
□ 69.2 


Q 


^qOOOOoOO 


□ □ 


□ 


o 


□ 


o 


© 


□ Q 


□ 


© 


□ 


a 


□ 


120 


110 


100 


90 > 


80 


1.5 m measured sideline 


8 


8 


08 odd®®®® 


oq 


a 


s 


a 


8 


20 


40 


60 80 TOO 120 

Angle — Degrees, re : I niet axis and ejector exit 


140 


Figure 84.— Flight Effects on PNL of a 20-Lobe Nozzle with Ejector 
NPR = 1.75 Vj = 503 m/s 
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Figure 87 — 57-Tube Nozzle Base and Ejector Up Pressure Distributions 
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OASPL Directivity and Jet Noise Spectra for the 57-Tube Nozzle with 
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Figure 92.— (Concluded) 
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Figure 93.— (Concluded) 
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Figure 96.— Flight Effects on PNL of A 57-Tube Nozzie with Ejector 
NPR = 2.6 V: = 640 m/s 
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Figure 96.— (Concluded) 
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Figure 104,~ Comparison o f Baseline and Suppressor Nozzles on Basis 
NPR = 1,75 Vj = 503 m/s 
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Figure 106,— Comparison of BaseHne Nozzle and Suppressor Ejector Configurations on 
Basis of PNL Directivity NPR= 1.75 V,= 503 m/s 
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Figure 108.— PNL Suppression for the Suppressor Nozzles 
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Figure 110.— (Concluded) 
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